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A theory is presented to s tudy the loca l  elec tronic  s tates in a sem i - inf in i te m ixed 
c rysta l ,  by extending the coherent potent ia l  approx imat ion devel oped in the s tudy for an 
inf in i te bulk c rys ta l  to the su i table one for a sem i - inf in i te c rysta l .  The effect of semi ­
inf in ity of  a c rys tal  i s  taken into account by  the Sugakov' s  method in wh ich the wave 
func t i on of an e lec tron i s  expres sed in terms o f  the s tand ing wave w i th nodes .  The 
s ite dependent coherent potent ia l s are introduced to ca lcu late the loca l  dens ity of s tates  
in  a sem i - inf in i te mixed c rys ta l .  The appearance of  the loca l i zed su r face state i s  a l s o  
d i s cu s sed. 
§ 1 .  Introduction 
The exi s tence of a sur face in s o l ids leads to interest ing mod i f icat i ons  of its pro­
pert ies .  The sur face s ta tes and i ts  proper t ies have been s tud ied by many author s  by 
var wus  methods .  An understand ing of the sur face electron ic  s tates 1s s ign i f i cant for 
the sur face elementary exc itat ions 11, chem i sorpt ion21 or  c atalys i s  31, 
Recently ,  much interests have been focused on the electron ic s t ructures of a seml­
inf in i te system, in connect ion with var ious phenomena tak ing place on the s<d id sur face. 
Kalks tein and Soven introduced a G reen's func t ion forma l i sm to s tudy the sur face sta­
tes o f  a sem i - inf in i te c rys ta l .  The i r  forma l i s m  i s  a extens ion of  the local i zed pertur­
bat ion method wh ich was f irst  introduced by Koster and S later 51 in the s tudy of  a 
loca l i zed impur ity s tate, and turn out to be a very powerfu l  method by wh ich both the 
sur face and bulk propert ies of a sem i - inf in i te c rys tal  can be s tud ied. The p resent 
author s  d i s cus sed the pr inc ipal features of sur face exc iton in mo lecu lar  c rysta ls  us ing 
6 I the c leaved c rys ta l  model wh ich i s ,  in es sence equ iva lent to Kalks te in  and S oven 
method. 
The another s imp le way to s tudy electron ic structures of a semi- inf in i te system 
was a l s o  g iven by Sugakov 7 �  When we desc r ibe elec trons by usual  t ight b ind ing appro­
x imat ion in an inf in i te sys tem, the e igen func t ion o f  elec trons i s  g iven by the B loch fun­
c t ion wi th trans lat ional symmetry of the underly ing latt ice. For a semi - inf in i te system, 
S ugakov took into account the effect of sem i - infin ity by expres s ing the e igenfunc t ion in 
terms of the s tand ing wave with nodes ,  in s tead of the p l a in wave for an inf in i te 
sys tem. Recently ,  we d i scussed a sel f-trapping of an elec tron in a sem i - inf in i te system 
u s ing the Sugakov method� 1 
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S imple sem i - inf in i te one d imens ional mode l s  have deen w idely  u sed and p layed an 
i mportant ro le in the development of the surface elec tron ic  s tate. They s t i l l  serve as 
gu ides and are used as  tes t ing models  before app l icat ions  to rea l i s t i c  systems a re made. 
News 91 has s tud ied the chemisorpt ion on the tran s i t ion metal u s ing a monatomic  l inear 
chain model .  Levin and Dav i son101 have made a deta i led s tudy of the surface s tates of a 
one d imens ional i on i c  c rys ta l .  Foo and Johnson111 cal cu lated the loca l  dens i t ies of s tates 
of the f i r s t  three s ites of a sem i - inf in i te unsymmetr i c  sp-band monatomic chain to s tudy 
the Shockley su rface s tate. 
The electron i c  s tructu res of a sem i - inf i n i te sys tem have been thus w idely s tud ied 
but, to the author ' s  knowledge, there have not been s o  invest igated for a semi - inf in i te 
m ixed c rysta l .  Exper iments 121 have been done to s tudy the relat ion between the catalyt ic  
ac t iv i ty and the a l l oy compo s it ion of a c lean surface of Cu-N i  a l loy and show that the 
cata lyt ic  ac t iv i ty i s  sens i t ive to the surface electron i c  s t ructu res of a l l oy. 
A theory for d-electrons at the surface of tran s i t i on metal a l l oy s  is p resented by 
Moran- Lopez et at.13 1  They ca lcu lated the loca l  dens ity of s tates ( LD S )  at a c lean and 
an adsorbate-covered surface of a random d i s o rdered a l l oy within the t ight b ind ing 
approx imat ion us ing the cont inued fract i on method. Accord ing to the i r  resu l ts ,  only the 
L D S  of the f i r s t  two surface layers  a re changed wi th respect to the bulk den ity of 
s tates .  They a l s o  obta ined the resu l ts  that the LD S tend to narrow and to sp l i t  into 
two peaks due to the exi s tence of the surface. Th i s  resu l t  imp l ies that the c r iter ion 
which c l as s if ies the subst itut i onal b inary so l id into two types ,  per s i s tence and amal­
gamat ion types i s  changed at the surface . Ishida, Inoue and Matsubara 141 proposed a 
theory to treat the electron i c  proper t ies of c ry s ta l  w i th a p lane or  a l inear  chain sur ­
face on wh ich two k inds of atoms are randomly d i s t r ibuted. The i r  theory i s  a comb i -
15-Isl nat i on of Kalks te in  and S oven method and the coherent potent ia l  approx imat i on. They 
ca lcu lated the LD S in the case where two cons t i tuent atoms are d i s t r ibuted on a l inear  
chain surface, no t  d i s t r ibuted in two d imens ional bulk reg ions .  
In  th i s  paper,  we p resent a theory to t reat the l oca l  electronic  propert ies o f  a 
sem i - inf in i te m ixed c rystal ,  extending the CPA developed for an inf in i te bulk c ry s ta l  to 
a su itable one for a semi - inf in i te one d imens ional c rysta l .  In  § 2, we sha l l  b r iefly 
review the bulk CPA and extend i t  to the case of a sem i - inf in i te mixed c rys ta l ,  where 
the effect of sem i - inf in i ty of a c rysta l  i s  taken into account by the S ugakov method 
and the s ite dependent coherent potent ia l  . i s  introduced. As exp l i c i t ly  shown in § 2, 
introduct i on of the s i te dependent coherent potent ia l  in a sem i - inf in i te m ixed c rys ta l  i s  
o r ig inated from the face thet the s ite d iagonal c onf igurat iona l ly  averaged G reen' s  fun-
c t ion depends on s ite, whereas that of an i nf in i te c rystal  is the s ame for a l l  s i tes . 
The LD S of a p resent model i s  ca lcu lated in § 3 . D i s cus s ions a re g iven in § 4. 
§ 2. Formulation 
We cons ider  a random m ixed c rys ta l ,  c omposed of tWJ type atomic orbita l s ,  A and 
B, character i zed by the atomic  exc itat i on energy cA and Es, respect ively. We a s sume 
that an electron i s  a l l owed to transfer  between neares t  neighbour s ites w i th the tran s -
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fer energy J wh ich i s  taken independent of s ite occupat ion. 
Let us  s tart from the usual t ight b inding Hamil ton ian wh ich 1 s  defined in terms of  
l ocal i zed atomic orb ital I i> 
H = L I i > E i < i I + JL I i > < j I , 
i =F j 
(2.1) 
where the diagonal e lement represents random atomic leve l £,=£A or  Es depending on 
whether an atom A or B occup ies the s ite i. The summations in eq. (2 .1) extend over 
the s ites of a semi- infinite c rystal .  Fol lowed by the ord inary C PA, we separate eq. 
( 2.1) into the trans lat ional ly  invar iant part Ho and the random contr ibution part H' , 
H=Ho + H' ,  
where 
Ho = Ll i>Ev<i I + JL I  i><i I 
i =F j 
(2.2) 
(2.3) 
1s the configurational average of the total Hami lton ian and des c r ibes  a virtual c rysta l  
with a mean atomic exc itation ene rgy Ev = cA £A + c8 £8, cA and Cs ( =l - eA )  be ing the 
concentration of the A and B atoms, respect ive ly. 
Whi le  
(2.4) 
where 6 =  £A - £8 is the d i fference m the atomic exc itat ion energy and r;, is a random 
var iable  wh ich takes c8 on A atom and - cA on B atom. 
For a g iven concentrations of A and B atoms, the s ingle part i c le  Green' s funct ion 
1 s  defined as 
g ( z )  = ( z - H )-1 (2.5) 
The system i s  then character ized by the configurational ly  averaged Green 's  funct ion 
G ( z )  = <g ( z )>.v =<(z - H )-1> .v (2.6) 
The ord inary C PA replaces  <g( z )> .v by the Green ' s  function for the e ffect ive 
d ie" med ium; 
(2.7) 
" . peno-
where the e ffect ive Hami l tonian H,ff wh ich de s c r ibes the averaged c rystal i s  de fined as 
(2.8) 
I 
where a, i s  the coherent potential  of the mixed c rystal with re spect to the vi rtual 
c rystal .  As we l l  known the e ffect ive med ium de scr ibed by a i s  determined by sett ing 
the averaged scatter ing potential <t ,>.v ( = cA t A  +cs t 8 )  of a s ingle s ite immersed in 
the medium equal l  zero. Th is  condit ion l eads to a se l f- cons i s tent equat ion wh ich deter­
mine s the coherent potential19\ 
( 2 . 9) 
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For an infinite c rysta l  with trans lat ional symmetry, the s ite diagonal Green ' s funct ion 
<i I G ( z )  I i> in eq. ( 2 . 9) can be d i sp layed in the form�5 1 
<i I G ( z) I i> = f ( z - c:v- a)  , 
where 
f ( z) 1 1 N t z - 2Jcoska 
( 2 . 10) 
( 2 . 1 1) 
In th i s  case we have a, = a for a l l  s ite s and then eq. ( 2 . 9) reduced to the equation 
which dete rmines the s ite independent coherent potent ia l  of an infin i te mixed c rystal .  
In an semi- infinite c rystal ,  the effect ive Hami l tonian thus pos se se s  the ful l  trans la­
t ional symmetry. Conceptual ly, H,ff can be throught of as the Hami lton ian of the e ffec­
t ive per iod ic  med ium. 
On the othe rhand, coherent potent ia l  of  a semi- infinite crys tal is e s sent ial ly s ite 
dependent due to the exi s tence of a free end or a surface. The or igin of the s ite de-
pendent ( in one d imens ion) or p lane dependent ( in three dimens ion) cohe rent potential ,  
in other words, of the d i fference from the the bulk C PA is  eas i ly unde rstood as 
fol lows .  For an inf in i te c rysta l  with a, = a  for a l l  s ite s, the e igenfunct ion of the 
e ffect ive Hamil ton ian g iven by eq. ( 2 . 8) is g iven by the B loch funct ion 
I k> = � �exp ( ikR ,) I i> 
I 
( 2 . 1 2) 
and the s ite diagonal Green' s funct ion i s  g iven by eq. ( 2 . 1 0) us ing eq. ( 2 . 1 2) . 
For a semi- infinite c rystal ,  the e igenfunct ion of the vi rtual crystal of  which 
Hami lton ian i s  g iven by eq. ( 2 . 3) i s  not g iven by eq. ( 2 . 1 2) due to the exi s tence of  
the free end. The s imple  form of the e igenfunct ion of a semi- infin ite one d imens ional 
7 I 
c rystal was g iven by Sugakov as fo l lows ;  
I k> = �� �a , ( k) I i> 
I 
( 2 . 1 3) 
where the s ite dependent coeffic ient a, ( k) 1 s  g iven by the standing wave* 
a, ( k) = /2 s in ( k ia ) , ( 2 . 1 4) 
* For a semi- infinite three d imens ional c rystal ,  the coeff ic ient 1 s  expressed, employ­
ing the usual per iod ic  condit ion on the wave funct ion paral l e l  to the surface p lane, as 
fo l lows; 
where kj_  and k ,, are the wave vector perpendicular and paral l e l  to the c rys tal p lane 
and s ite R, = l a, + n, n = n, a , + n, a, , / = 1, 2, · · · N, n . , ; = 0, ± 1, · · · , N . , , /2. 
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which, of course, sat isf ies  the orthonormal ity condit ions 
L:a� ( k ) a,. ( k )  = o, _ , 
k 
Us ing eqs .  ( 2 . 1 3 ) and ( 2 . 14 ) , we obta in the s i te dependent Green' s function wh ich sat i s ­
f ies  the equation 
( E - H. ) G. = 1  ( 2 . 1 5 ) 
as  fol l ows;  
G. ( i, i ' ; E) _L L; a� ( k ) a , .  ( k )  N k E - 2Jcos ( ka )  
( 2 . 1 6 ) 
The sum over k in eq. ( 2 . 1 6 )  can be converted to an integral over ka = 8;  
1 1 1T - L:� - f d B  . N k 2 rr _ rr 
The s ite dependent Green' s funct ion G. i s  then g iven as 
G ( . ·' E) 1 [ l f ( E ) l l i - i " I _ J  f ( E ) l l i + i " l J • 1, 1 ; = 231£"'=1 t r t r ( 2 . 17 )  
where the energy E i s  measured in un it of hal f  band width 2J and ./( E) = E� /  E' - 1  
( E>i ) ,  E+ /E' - 1  ( E< - 1 ) , E- i/ 1 - E' ( I  E l  <1 ) . 
From eq. ( 2 . 1 7 ) , the s ite d. iagonal Green 's  funct ion is g iven by 
G ( · · E) 1 [ 1 - 1 f (  E) I "  ] 0 I, 1 ;  = 
23 � Jt _ 1 l 
( 2 . 1 8 ) 
One can not ice from eq. ( 2 . 1 8 ) that the s ite d iagonal Green ' s  function depends on s ite� 
Thus the s i te dependent Green' s function G wh ich sat isf ies  the equation 
( 2 . 1 9 )  
i s, in general ,  dependent on the s ite dependent coherent potent ial a; ( i = 1,  2, . . .  ) .  The 
s e l f-cons i s tent equat ion ( 2 .  9 ) consequently leads to infinite coupled equat ions wh ich are 
intractable .  It may be reasonable to a s sume that the s ite dependent coherent potential 
approache s to the bulk coherent potent ial ,  we l l  into the inter ior regions of c rystal .  
The que st ion wi l l  ar ise how rapidly does the e ffect of a free end van ish as one rece-
13 ) 
des from a free end. Moran- Lopez e t  a l. calculated the LD S of the f irst  three s ites 
in a semi- infinite d i sordered a l loy. They showed that the e ffect of a free end is  pro­
nounced only in the first s i te and the LD S at the second or  th ird s ite i s  not so  d i ffe ­
rent from that in tli.e bulk regions , In th is  regard , it should be mentioned here that the 
* For semi- infin ite three d imens ional c rystal ,  eq. ( 2 . 1 8 ) depends on the c rysta l  p lane, 
de ing independent on s ite in a g iven p lane. 
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behavior of the LD S at a g iven s i te i s  govered by the deta i led energy var iat ion of the 
s ite dependent coherent potential wh ich is imp l i c i t  in the form of the s i te dependent 
G reen ' s  funct ion g iven by eq. ( 2 . 1 8 ) .  The Green ' s  funct ion G, ( i, i; E )  rapidly approaches 
to the bulk Green' s  funct ion with an inc rease of i .  Recently, we calculate the local i zed 
energy of an electron due to its interact ion with one s i te latt ice deformation in a semi­
infin ite one d imens ional c ryrtal .8 1 * 
We find that the local i zed energy at the f i rs t  s ite or .  at most, at the second s ite 
d i ffer s from that inter ior bulk s ites . We therefore as sume that the exi s tence of a free 
end affects on the local  electronic property at a free end, m order to make the pro­
b lem to be manageable. 
We then approximate the effec t ive Hami lton ian ( 2 . 8 ) as the fo l lowing s imp le form; 
H:ff = l: I i> ( t:v + ih )<i I + J l:; I i><i I , 
i =f j 
( 2 , 20 )  
( 2 . 2 1 )  
( 2 . 22 )  
where o-b, O"r are the bulk and free end coherent potentia l s ,  respect ively. Here, we 
approximate the s ite dependent coherent potential  into the s ite independent bulk one fo r 
a l l  inter ior s ites and the free end one. The d i fference in the coherent potential ,  g iven 
by eq. ( 2 . 22 )  i s  treated as the local  perturbation wh ich acts on a semi- infinite c rystal .  
Let G, and G be the correspond ing Green' s  funct ion of H: r r  and H , r r ,  respect ively. 
The Green ' s  function G is g iven in terms of G, as fl lows;  
G =G, + G, VG , 
or  in an expl ic it form as 
G ( i , i ' ) = G, ( i , i ' ) + l:; G, ( i , j ) V ( j , k ) G ( k, i ' ) 
j , k 
( 2 . 23 ) 
From eqs .  ( 2 . 22 ) and ( 2 . 23 ) , s ite d iagonal Green' s  funct ion of a semi- infinite mixed 
c rystal  i s  expres sed as  
( 2 . 24 )  
Under the above s i mpl i f ied approximat ion, the se l f-cons i s tent equat ion ( 2 .  9 )  reduces to 
two coupled equat ions wh ich determine o-b · and o-r ; 
( Lk s- o-b ) Gb ( E ) ( ilcA+ o-b ) 
( ilc8- O"r ) G r (  E )  ( ileA+ O"r ) 
( 2 . 25 )  
( 2 . 26 ) 
* Th i s  problem i s  formal ly analogous to the low concentration l imit of the present 
sys tem, where the CPA is reduced to the s ingle s i te impur ity problem. 
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where the G reen' s function at a free end i s  obta ined from eq. ( 2 . 24 ) , putting i = l, 
( 2 .  27 )  
and G, ( l , l ;  E )  i s  g iven by eq. ( 2 . 18 ) .  
The bulk Green 's  function Gb ( E )  wh ich 1 s  independent on s ites i ssg iven by 
( 2 . 28 ) 
The bulk coherent potent ial ab 1 s  f irst  calculated from the usual C PA equation ( 2 .  25 ) 
by mak ing use  of eq. ( 2 . 28 ) . The ca lculated ab i s  then inserted into eq. ( 2 . 27 )  and we 
final ly  obta in ar from eq. ( 2 . 26 ) .  The solutions of  eqs .  ( 2 . 25 )  and ( 2 . 26 )  are obtained 
by numer ical calcu lations.  Before per forming numer ical  calcu lations, we mention to 
some l imitt ing cases .  
In  the amalgamation l imit where the band width is  ve ry large compared with d i­
ffe rence in the atomic exc itat ion energy, i . e . ,  �/2J << 1 ,  ab and ar are g iven by 
ab ( E )  = c ( 1 - c ) �' ( Gb ( E ) t.� o , 
= c ( 1 - c ) �' v'(E - c �� ' _ 1  
and s imi lar ly 
1 ar ( E ) = 2c ( 1 - c ) �' r:;E:--:-A;;-;-----:G'="'== ===;=:;==­cD + ab v' ( E - c � - a, ) '  - 1  
where the energy is  measured relat ive to £ 8  in unit of 2J 
l imit ( � >> 1 ) , i .  e . ,  the pe r s i s tent l imit  where the energy 
approximately correspond ing to the ind ividual const ituents , 
by 
1 
1 
G r ( E )  = G ( E )  , + b - - ilr ab 
In that l imit , one has 
( ) ( ) c ( 1 - c ) �' ar E = ab E = E _ ( 1 - c ) �  
1 
( 2 . 29 ) 
( 2 . 30 )  
and c = c .... In the oppos ite 
band is spl it into two bands ,  
G b ( E )  and G r ( E )  are g iven 
( 2 . 31 ) 
( 2 . 32 ) 
( 2 . 33 )  
In the pe rs i s tent l imit where the tran s fer  energy van ish, the system loses  the mean ing 
of its semi- infin ity and therefore two d i fferent coherent potent ial s co inc ide with each 
other .  From eqs .  ( 2 . 31 ) - ( 2 . 33 ) , we obta in 
G b ( E ) = G r  ( E ) = E _:_ Cl + 
1 - c 
E 
( 2 . 34 ) 
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as 1 s  expected in  the zero tran s fer l imit .  
In the low concetration l imi t  ( c�o ) ,  the C PA reduces to the s ingle impur i ty pro­
b lem. Reta in ing terms up to the order c in eq .  ( 2 .  25  ) ,  we obta in 
The pole of  eq.  ( 2 . 35 ) g ives the energy o f  the loca l i zed impur i ty level .  One can eas i l y  
f ind from eq. ( 2 .  35 ) that there a lways appears  the loca l i zed impur ity s tate fo r any 
s ma l l  values of  L. Thi s  is a common property of an inf in i te one d imens iona l c rys ta l .  
On the otherhand, free and coherent potent ia l  in th i s  l imi t  i s  g iven by 
1 ar ( E ) = ( E+ab-j( E - ab ) ' -1 )  1-2 L  
( 2 . 36 )  
§ 3 .  Local Density of States at a Free End. 
In genera l  case , 
fol l owing ones ; 
two coup led equat i ons  ( 2 . 25 )  and ( 2 . 26 )· a re rewr i tten as  
2 ( E-L+c L ) a: + (L' ( 5c ' -6c+l) + 2c LE - E' +l ] a;,  
+2L' c ( 1-c ) ( 1-2c ) ab+L' c ' ( 1 - c ) ' = 0 , ( 3 . 1 )  
( 4 ( L - c L - E ) (  L-2c L - ab ) + 1 ] a; +4(L' c (  1 -c ) ( 2L - 3c L - E - ab )) a1 
+4L' c ' ( l-c ) ' = O . ( 3 . 2 ) 
We f i r s t  so lve eq. ( 3 . 1 )  and insert ab into eq. ( 3 . 2 ) . The cub ic equat ion ( 3 . 1 ) has 
e i ther three real roots o r  one real and two comp lex roots as  func t ions o f  E, c and L. 
Only a comp lex root w i th a pos it ive i maginary part  i s  mean ing because that the bu lk 
dens i ty o f  s tates d iverses at the energy where the imag inary part of ab ( = �)  van i ­
shes .  We then solve the quadrat ic  equat ion ( 3 . 2 ) wi th comp lex co effic ients .  I n  F ig. 1 ,  
we show a� and o{ as  a funct ion o f  L ,  where c i s  f ixed as 0 . 1 . 
The bulk dens ity of s tates fo r one d imens ional mixed c rys ta l  i s  g iven by 
JJ 1 ( E-e L-a: ) '- a:'- 1  f '  + l 2 aU E - e L - a: ) f '  - ( E - e L - a: ) '+ a�' + 1 
7Tj l ( E - c L - a: ) ' - a:' - 1 f ' + l 2 a� ( E -c L - a: ) f '  
( 3 . 3 ) 
where a: i s  the real part of ab. 
The bulk dens i ty of  s tates ph ( E )  shown in F ig. 2 are those as expec ted. Deta i led d i s ­
cus s ions were g iven fo r inf in i te one d imens ional m ixed c rys tal by Butler 19 1 and White 
and Economou:0 1 We then do not repeat i t  here. 
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F i g. 1 ( a )  Imag i nary part of the bu l k  coherent potent i a l  for c = O. 1 and 6 = 0. 2, 0. 4, 
0. 8, 1. 0 and 1. 2. 
1 .0 
E 
Fig.  1. ( b ) Imag inary part of the coherent potent ia l  at the free end for c = O. 1 and 
6 = 0. 4, 0. 6, 0. 8 and 1. 0. 
The local dens ity of s tates ( LD S ) at the free end Is g iven by 
Pr ( E )  =__!_ Im[ G r ( E ) ]  ( 3 . 4 ) 7T 
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In the energy region where the bulk dens i ty of s tates does not van i sh, i . e . ,  O"� oi=O ,  the 
van i sh, forming the band s tate, and i s  g iven by 
p, ( E )  
where 
1 ( 2 0" } - 0" � +Y )  
rr ( E - c i::. + 0" � - 2 0" f - X ) ' + ( 2 0" } - 0" � +Y l' 
X + Y = l j  ( E - c L::. - O" �) 2 - O" �2 - 1 I 2 + ) 2  O" U E - c L::. - O" � )  f 2 , 
XY = 2 0" U E - c t:. - O" n  
2 
' 
' ' 
i 
C = O . I 
L.-: ___ _ _ _ _ _ _ _ _ • _ _  . . .  - - - • -- - - - - - - - .  -- - - - --- • .  __. _ _,_ ____ __,Q,4 
0 �-----.--..J.------..J....l------' A -<>.2 
- 1  0 E 2 
( 3 . 5 )  
F rom eq. ( 3 . 5 ) ,  we find 
that LD S van ishes when 
O" � and p l s imu l taneous ly 
become zero. As shown 
m F ig. 1 ,  O" �  and O" }  
Fig. 2 Bu lk  dens i ty  of states for one d imens ional  mixed c rystal  
for c = O. 1 and 1'> = 0. , 0. 4 ,  0. 6, 0. 8 and 1 .  0 .  
s imu l taneous ly become 
zero as  funct ions o f  c 
and L::.. Thi s  resu l t  im­
p 1 ie s that the boundary 
between the per s i s tence 
and the amalgamation type 
in the LD S i s  same as  
that in the bu lk  dens ity 
of s tates ,  within the 
model p resented here. F ig. 3 Local den s i ty of states at the free end of a semi - in f in i te  
one  d i mens ional mixed c rystal  for c = O., l and L'> cfo  0. 4 ,  0. 6 ,  
0.  8 and 1 .  0 .  
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The LD S i s  shown in F ig. 3. where parameters  are same as F ig. 2 , Bes ides the LD S 
which shows the band state, we expect the appearance of the local i zed surface s tate in 
the ene rgy region where a L =0. 
The se l f-cons i s  tent equat ion ( 2 .  26 ) i s  rewritten as 
1 
( 3 . 6 ) 
where the i111pur i ty potential V, takes ( 1 - c ) t.  for i = A and - c t.  for i = B and ( · · · ) 
i s  an ensemble  average over a l l  d is tr ibution of the two atom. Insert ing eq. ( 2 .  27 ) to 
the r ight hand s ide of eq. ( 3 . 6 ) ,  we obta in 
1 
( 3 . 7 ) 
One f inds from eq. ( 3 . 7 )  that Im [ G r ( E ) ]  do not van ish  in the energy reg ion where a L 
=f. 0 and becomes zero for a L = 0, except at the energy wh ich g ives the real pole of 
eq. ( 3 .  7 ) .  The local ized surface state is thus expected in the energy reg ion whe re the 
bulk dens ity of s tates van ishes .  The energy of surface state s is obta.ined fqom t he 
equat ion 
( 3 . 8 )  
It should be ment ioned here that surface state do not appear m pure semi- infinite c ry­
s tal within the mode l treated here.  From eq. ( 3 . 8 ) , we obta in the ene rgy of surface 
s tate as 
i . e . ,  
1 
E� = t, - 4 1  ab - ( 1 - c )  6 f ( 3 . 9 )  
E �  = 
1 
( 3 . 1 0 ) 
Equat ions ( 3 . 9 ) and ( 3 . 10 ) , of course ,  sat i s fy the dual symmetry. Equation ( 3 . 9 )  i s  
obta ined b y  replac ing E ,  c and 6 by E - 6, 1 - c  and - 6, re spective ly i n  eq. ( 3 . 1 0 ) .  
Here the fo l l owing condit ion must b e  sat i s f ied for the appearance of the surface s tate ; 
( 3 . 1 1 ) 
The surface s tate appears  as the a- function m the LDS ;  
p 1 = I � ( E- E ; )  , i = A, B 
where the intens ity of the a- funct ion I ;  IS given by 
I ;  
c 1 
2
[ 1 - 4 1  ab - ( 1 - c )  6 f '  J 
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( 1 - c )  
2 
The real bulk coherent potent ia l  ab appear ing 
in  eqs .  ( 3 . 9 )  and ( 3 . 1 0 )  i s ,  o f  course, the 
funct ion of E. Then we must  ca lcu late the 
sel f-cons i s tent energy wh icn sat i s fies eqs .  ( 3 .  
9 ) and ( 3 . 1 0 ) . Under the var ious cond i t ions 
for the appearance o f  the sur face s tate, i . e . ,  
I E - c b. - ab I > 1 , I ab - Vi I > 0 . 5  and a � = 0, 
the sur face state appears in the l imited reg ion 
b. - 0 . 5 < E �  < 6. + 0 . 5 , - 0 . 5 < E �  < 0 . 5  for 
g iven c and b., as  schemat i ca l ly shown in F ig. 
4 .  We per formed numer ical  ca lcu lat ion to ob­
ta in the energy of the sur face s tate. The 
resu l ts  a re shown in F ig. 5, where the dual  
symmetry relat ion for the sur face s tate E� ( 1 -
c ) - b. = E � ( c )  i s  sat i s f ied. 
We f ind that the surface s tate 1 ies in the 
m idgap reg ion, i. e . ,  the sur face s tate appears  
in the per s i s tence type c rys ta l  where both the 
L D S  and the bulk one are spl i t  into two 
ban ds .  It is pointed out here that the sur face 
s tate in m ixed c rystal  appears  for sma l l  Im­
pur i ty concentrat ion and when the atomic ex­
c i tat ion energy · o f an impur i ty atom is very 
sma l l  c ompared with that o f  a host atom. In 
F ig. 6 ,  we show the LDS  for c = 0 .  9 and b. =  
0 . 6, 1 . 0 and 1 . 6 . The sur face s tate with the 
energy E due to B- atom impur i t ies appears  
in the m idgap for b. = 1 .  6 .  The correspond ing 
bulk dens ity of  s tate is a l so  shown in F ig. 6. 
§ 4. Discussions. 
We have shown a s imple theory to t reat 
the local  elec t ron ic propert ies of  a sem i - in ­
f in ite mixed c rys ta l .  The · method presented 
here i s  a extens ion of  the C PA developed i n  
an  inf in i te bulk c rys tal  t o  a su i table fo rm in 
a sem i - inf in i te c rys ta l .  We introduced the 
s ite dependent coherent potent ia l  wh ich a r i ses 
F i g .  4 Pos s ib le  ene rgy region wh ich sat i s f i e s  
eqs .  ( 3. 9 )  and ( 3. 1 0 )  as a funct i on of 
ell+ Ob· The dashed I i ne i s  g iven by the 
equat ion E-cll- Ob= ± 1 
E� 
- 1 .0 ....._ ___ __._ ____ _, Ll 
-r5 -2 .0 -2 .5 
0.5 C = 0.9 
o .___ ____ ...__ __ ____. ll 
� 2 0  25 
Fig. 5 Ene rgy of the surface s tate as funct i on 
of c and ll .  
from the fac t  that the s i te d iagonal 
c on f igurat iona l ly  averaged G reen ' s  func t i on depends on s i tes .  
We ca lcu lated the LD S for a semi- inf in i te m ixed c rystal ,  wh ich I S  influenced by 
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F i g. 6 ( a ) Local  den s i t y  of s t a t e s  at the f r e e  end for  c = O. 9 and 6 = 0. 6, 1. 0 and 1. 6. 
2 
- I  
A s u r face s t a t e  appe a r s  a t  the m i dgap for  6 = 0. 6. 
C =O.g 
E 
A = 0.6 
2 
F i g. 6 ( b ) B u l k  den s i ty of s t a t e s  f o r  the same parame t e r  as Fig.  6 ( a ) .  
1 . 6  
1 .6 
the property o f  the bu lk dens ity o f  s tates .  The p r i nc ipal shapes of the LD S in a semi ­
inf in i te pure c rys ta l ,  ( they correspond t o  the case c = 0 or  1 ) ,  agree with that ca lcu la-
d b 1 1 )  21 )  . • • te y Foo and Johnson , Bose and Foo. W 1thm a s 1mp le model we po int out that the 
boundary between the per s i s tence and the amalgamation type in the LD S is the same as  
that in the bu lk one� 
We a l s o  showed that the surface s tate, which is o r ig inated from the co-operat ive 
effect of sem i - inf in i ty of c rys tal s and of the impur i ty potent ia l ,  appear s  in the m idgap 
between two separated bands ,  i . e. , in the per s i s tence type mixed c rysta l .  The appear-
13 1 ance of the sur face s tate in m ixed c rys tal  was not d i s cu s sed by Moran- Lopez et a l . , 
because they mainly s tud ied the surface elec tron ic  s tates of the amalgamat ion type 
13 ) 
* A narrowing o f  energy bands at the sur face suggested by Moran- Lopez et a l .  1 s  not 
observed in the photoemi s s ion s tudy of the sur face elec tron ic  states o f  Cu-N i  a l l oys ." 1 
-- 89 -
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c rystal .  The sur face e l ec tron ic s tates have s ign i f i cant e ffects  on var ious phenomena at 
the sur face of  mixed c rys tal , such as  the order-d i sorder tran s i t i on23 J or the chemisorp ­
t ion prope r t i e s :• J  Foo and Dav i son25 J d i s cu s sed the e ffect  of the sur face s tate on the 
chemi sorpt ion of the sp-hybr id sem i - inf in ite monatomic cha in and sugge s ted that the 
sur face s tate appear ing in the bandgap s trengthens the chemisorpt ion bond. 
The present mode l is ve ry pr imi t ive in seve ral  respects  the ex i s tence of a free 
end i s  as sumed to affect  on the L D S  at a free end. The L D S  characte r i z ed by ar de­
pends on the bulk e l ec tron ic prope r t i e s  through the ab-dependence of  ar . The s imp] i f i ed 
a s sumpt ion i s  removed by extend ing the s it e  dependent coherent potent ia l  to more inte ­
r ior  s i tes .  The present formulat ion i s  eas i ly extended to a semi- inf in i te  three d imens ­
i onal c rys ta l ,  by  replac ing the ene rgy E in eq .  ( 2 . 1 6 )  by  E - 2J ( cosk xa + cosk,a ) and 
per forming the summat ion ove r kx and k,, and k, be ing the wave vector  para l l e l  to the 
sur face .  In th i s  case ,  the coherent potent ia l  depends on c rys tal  p lanes and i s  the same 
for all s i tes  in a plane. The resu l t s  may be,  however, d i ffe rent from that d i s cus s ed 
here because of the d i ffe rent form o f  the s i te d iagonal Green ' s  funct ion. 
As a final , we ment ion to the e ffect  o f  the inhomogeneous d i s t r ibut i on of  two con­
s t i tuent atoms near the sur face ( sur face segregation ) .  Recent expe r imental resu l t s  
show that the concentrat ion rat io  near the sur face i s  d i ffe rent from that m the  bulk 
reg ions .  The sur face e l ectron ic  prope r t i e s  are  a l s o  s trongly influenced by the sur face 
compos i t ion s ince the surface atoms reta in much o f  the i r  atomic character .  The pre snt 
theory incorporate s i ts  e ffect  by introduc ing the p lane dependent concentrat ion C r and 
defin ing the C PA equation as  
< t , > = c , t , + ( 1 - c r l t R 
The e ffec t  o f  the inhomogeneous d i s t r ibut ion on the sur face e l ec tron ic  proper t i e s  w i l l  
be s tud i ed in the fo l l owin pape r. 
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